Changes in coarse fraction, calcium carbonate, and total organic carbon (TOC) accumulation rates and wt% define four different Neogene climatic and oceanographic regimes for the deep-water Fram Strait area (Site 909). These changes are not as well developed in intermediate water depth at Site 908, possibly indicative of differences in current velocities at the two sites. Stage I, upper lower to middle Miocene (Site 909, 838-1062 meters below seafloor [mbsf]; 17.5-10.85 m.y.), sediments consist of a fining-upwards sequence of mass-wasted sediments, interbedded with laminated and bioturbated sediments. Tectonic influences are the dominant control on these sediments, which were deposited before the initiation of sustained bottom-water flow through Fram Strait.
INTRODUCTION
Fram Strait, located between Greenland and Spitsbergen at a depth of 2600 m, is the primary deep-water connection between the Arctic and Atlantic Oceans (Swift et al., 1983; Kristoffersen, 1990) . During Ocean Drilling Program (ODP) Leg 151 a two-site depth transect was cored in Fram Strait, Sites 908 and 909 (Fig. 1) .
Site 908 (78°23.112'N, 1°21.637'E) was drilled on the Hovgárd Ridge in 1277 m of water. Hovgárd Ridge marks the northern boundary of the Boreas Basin and the southern boundary of the deep Fram Strait. This site was cored to determine the age and lithologies of sediments in basins on the ridge crest, to explore the history of water mass exchange between the Arctic Ocean and the Norwegian-Greenland Sea, and to establish the timing and sedimentary processes after the opening of Fram Strait. Two holes were drilled at this site with the advanced hydraulic piston corer/extended core barrel (APC/ XCB). Hole 908A penetrated 345 m, reaching Oligocene age sediment and Hole 9O8B penetrated 83 m of Pleistocene sediment. Site 909 (78°35.096'N, 3°4.222'E) was drilled on a small abyssal terrace directly north of the Hovgárd Ridge and approximately in the center of Fram Strait. Located at 2518 meters below sea level (mbsl), this site was cored to investigate the timing of the opening of a deepwater connection between the Arctic and Atlantic Oceans and to provide a record of the onset and evolution of Arctic glacial history and climate variability. Three holes were drilled at this site: Hole 909A was cored with the advanced hydraulic piston corer/extended core barrel (APC/XCB) to a depth of 92.5 meters below seafloor (mbsf); Hole 909B was also cored with the APC/XCB to a depth of 135.1 mbsf; and Hole 909C was cored with the rotary corer to a depth of 1061.6 mbsf.
LITHOLOGY
The Neogene sections of Sites 908 and 909 are dominated by siliciclastic sediments; the sections are generally much thicker at Site 909. The Miocene section is almost totally missing from Site 908 (Fig. 2) , where thin upper Miocene sediments unconformably overlie Oligocene silty clay with 8%-20% biosilica. The unconformity is marked by two silty to sandy glauconite layers, interpreted to have formed from altered ash (Myhre, Thiede, Firth, et al., 1995) . In contrast, the Miocene section at Site 909 is 700 m thick.
The Pleistocene through upper Miocene section at Site 908 (0-185 mbsf) consists of one lithologic unit, separated into three subunits on the basis of sedimentary structures. The upward trend is toward more variable size range, including large dropstones (Fig. 2) . Subunit IA (0-81.4 mbsf), which is Pleistocene to Pliocene in age, contains widely varying grain sizes and dropstones are common. (Fig. 3) . Unit II (248.8-518.3) contains fewer dropstones and is dominated by very dark gray silty clay and clayey silt with common pyrite (Fig. 4) . Unit III, late and middle Miocene in age, is separated into two subunits. Subunit IIIA (518.3-923.5 mbsf) contains meter-scale intervals of bioturbated and laminated layers, and Subunit IIIB (923.5-1061.8 mbsf) contains contorted and folded beds and redeposited clasts (Fig. 5) .
METHODS
Percentages and accumulation rates of CaCO 3 , total organic carbon (TOC) and coarse fraction are reported here, by depth and age. Calcium carbonate values were generated by two different methods. A Coulometrics acidification module was used shipboard and at Wesleyan University. For these measurements, samples were freezedried and approximately 0.5 g were extracted, hand ground to powder, and weighed. A subsample of approximately 0.1 g was acidified in the heated reaction vessel with hydrochloric acid to form carbon dioxide, which was transferred into an absorption cell. The absorption cell contained an aqueous medium of ethanolamine and a coulometric indictor. The interaction of CO 2 and the cell forms a base electrically and titrates to an end point determined by optical transmission of the indicator (Huffman, 1977) . The pulse output was scaled and fed to a counter that registers µg C. When all of the CO 2 had been evolved and titrated, as recognized by a stable Coulometer reading, the registers µg C reading was taken and the results were calculated as %CaCO 3 (%CaCO 3 = %C inorg × 8.334). A laboratory standard and a blank were run after every eight samples. Blank values were subtracted from the reading µg C. Repeat measurements were reproducible with an accuracy of 1%. Values that were significantly different (5%) than values above and below were rerun twice more and the average of the two values was used.
Additional carbonate measurements were made in conjunction with TOC measurements at GEOMAR, where TOC was measured using a Leco CS-125. Total carbon (TC) was measured first. After treatment with hydrochloric acid and removal of the inorganic carbon (IC), the total organic carbon (TOC) was measured. The inorganic carbon was assumed to be bound as CaCO 3 and was calculated as (IC = TC -TOC) × 8.33.
Shipboard measurements of TOC were made using a Carlo Erba Model NA 1500 CNS analyzer. Total organic carbon was calculated from the difference between total carbon (TC) and inorganic carbon.
Sand percentages were determined by wet sieving. Approximately 10 g of dried sample was weighed and placed in an Erlenmeyer flask with 100-150 ml of deionized water. Samples were soaked and placed in an automatic shaker at 180 rp m f°r approximately 24 hr. After the sample was disaggregated, it was washed from the flask into a 63-µm sieve. Material from the sieve was washed into a tin dish and oven dried at 40°-60°C. The dried sample was weighed and stored.
Accumulation rates were calculated from shipboard measurements of dry bulk density and linear sedimentation rates based on shipboard paleomagnetic age determinations and revised biostratigraphic picks available at the post-cruise meeting (Tables 1, 2 ). Because microfossils were generally scarce and age datums not always well defined, paleomagnetic age determinations were generally used. However, paleomagnetic age determinations suffer from incomplete core recovery and core disturbance. Therefore, age data is often a limiting factor. (Tables 3, 4 on CD-ROM in back pocket of this volume) and graphs, and the graphs show information plotted vs. depth (Figs. 7, 9) and age (Figs. 8, 10) .
RESULTS

Information is presented in both tables
Bulk Accumulation and Sedimentation Rates
Bulk accumulation rates were generally high at both sites, with Site 909 rates being consistently higher. The lowest values were found at the base of each section and include the entire middle Miocene at Site 909 and the lower Pliocene and uppermost Miocene section at Site 908. In addition, there are several intervals of about 0.5 m.y. or shorter at Site 909 where bulk accumulation rates are close to 
Silty clay and muds
Laminated, color banded Slumps, turbidites or less than 5000 gcm^m.y.-1 (e.g., 8-8.5, 5-5.5, and 4.3-4.4 m.y.) . The lowest accumulation rates are found at Site 908, where a 0.9-m.y. interval from 1.1 to 2.0 m.y. has accumulation rates between 570 and 800 gcm^m.yr 1 . The highest accumulation rates (21,000-25,000 gcπr^m.yr 1 ) occur at Site 909 and were sustained for more than 1 m.y. from 5.7 to 7.25 m.y. Accumulation rates were most variable between 4 and 6 m.y. at Site 909.
Linear sedimentation rates were also very high ( 
Calcium Carbonate Content
Carbonate content is extremely low at both sites, averaging around 1 % by weight. Average carbonate accumulation rates are less than 400 gcπrtn.y.~ at Site 909 and less than 100 gcm^m.yr 1 at Site 908. Isolated, thin, high-carbonate layers contain up to 60% carbonate by weight or 10,000 gcm^m.yr 1 at Site 909. The carbonate in these peaks is nonbiogenic and is both detrital and authigenic (see Chow et al., this volume), although each layer was not examined in detail and some layers may also contain detrital carbonate. The middle Miocene section (Site 909) contains the fewest number carbonate-rich layers as well as the ones with the lowest percentage of carbonate. The upper Miocene section (Site 909) shows the most variation in accumulation rates, which can be grouped into four intervals of high and low variation in carbonate-rich layers accumulation with durations of 1.7-1.2 m.y. These intervals transcend changes in sedimentation rates and are readily identifiable on the depth sections, so they are not just a function of changing accumulation rates. The highvariation intervals, between 10.5 and 8.8 m.y. and 7.6 and 6.2 m.y., are slightly longer than the low-variation intervals.
The uppermost interval at Site 909 with a low number of carbonate-rich layers, 6.2-4.9 m.y., marks the beginning of a section that was recovered at both sites. Accumulation rates are an order of magnitude less at Site 908 than Site 909, and the number of carbonaterich layers differs between the sites. At Site 908, variability is lowest between 5.2 and 2.7 m.y., with only one layer having an accumula- tion rate >IOO gem 2 m.yr'. In contrast, this interval has a high carbonate-rich layer variability at Site 909. At both sites there is high carbonate-rich layer variation and abundant data between roughly 2 and 2.6 to 2.7 m.y. Above this, there is an approximately 0.9-m.y. gap at Site 908 caused by low accumulation rates. The gap is represented at Site 909 by consistent accumulation rates between 2.0 and 1.4 m.y. and more variable rates between 1.4 and 1.1 m.y. In the upper 1 m.y., Site 909 has the lowest number of post-Miocene carbonate-rich layers. In contrast, at Site 908, variations are similar to those between 2.0 and 2.6 m.y., and slightly lower between 0.6 and 0.1 m.y. than between 1.0 and 0.6 m.y.
TOC Accumulation
At Site 909, TOC values vary from 0.2% to 2.6% and average 0.9%. Values are lowest in the Pleistocene, which also has the highest amplitude variations, ranging from 0.2% to 1.4%. In the Pliocene and upper Miocene values are higher, ranging from 0.8% to 1.7% Most of the upper middle and middle middle Miocene is characterized by smaller amplitude variations and lower TOC%, roughly 0.8% to 1.2%. Beginning with a low value at about 950 mbsf and, with the exception of a second low value at approximately 1020 mbsf, the lower middle Miocene section is characterized by increasing TOC values, reaching a high of 2.6%. Accumulation rates vary from 10 to 500 gcm" 2 m.y." 1 and parallel the bulk accumulation rate, with the highest accumulation rates at around 4.7 m.y. and between 5.6 and 7.3 m.y.
TOC percentages at Site 908 are generally lower than at Site 909, and like Site 909, show high-amplitude variations (0.2% to 2.8%) in the Pleistocene, but, unlike Site 909, show a gradual increase in the Pleistocene through upper Miocene section.
Coarse Fraction Accumulation
Sand percentages vary between 0% and 60% throughout most of both sites, but are generally less than 20% or 2000 gcπrtn.y.~1. The highest sand percentages occur in the lower middle Miocene, where a few samples contain as much as 80% sand, and upwards the percentage of coarse fraction decreases in repeated sequences 10 to 50 m thick and of 100,000 to 600,000 yr duration. Although the overall trend is fining upward cycles, there is a break at about 13.8 m.y. above a 25-m-thick, coarsening-upward interval (955-930 mbsf). In the middle to upper Miocene (9.9-6.8 m.y.) the sand fraction, like the carbonate fraction, contains alternating intervals of high and low sand. The high sand areas roughly correspond with the high carbonate spike areas, with the increase in carbonate spikes leading the increase in sand fraction and decreasing after the sand size decreases.
Between 6.8 and 2.8 m.y., sand accumulation at both sites is consistently low, with the exception of single high values near 6.3 m.y. Between 2.8 and 2.4 m.y. there are large variations in sand accumulation at Site 909. At Site 908 there is an increase in sand accumulation after 2.6 m.y., so that, in the interval between 2.6 and 2.0 m.y., sand accumulation rates are higher at Site 908. Between 1.5 and the present (1.0 at Site 908), sand accumulation shows wide variations, but with decreasing amplitude.
DISCUSSION AND CONCLUSIONS
From the late early Miocene to the present, the Fram Strait region has been devoid of almost any biogenic sedimentation. This suggests low biological productivity or highly corrosive waters, as indicated by the lack of calcareous and siliceous microfossils in both shallow/ intermediate-and deep-water sites. The biotic environment is in contrast to the Oligocene at Site 908, where biosilica, indicative of high productivity, composed about 8%-20% of the sediment. This suggests a major environmental change between the Oligocene unconformity (Site 908) and the early Miocene (Site 909).
The accumulation rates of the coarse fraction, carbonate, and organic carbon allow us to define four stages in the tectonic and climatic development of the Fram Strait region from the middle Miocene to the present (Table 5 ). Stage I ranges in age from late early to middle Miocene (Site 909, 1062-838 mbsf; 17.5-10.85 m.y.). Although it is within the range of North Atlantic sedimentation rates of 200-4000 cm/m.y. (Davies et al., 1977) , this interval contains the lowest sustained sedimentation rates (3340 cm/m.y.) and accumulation rates (7400-6000 gcm" 2 m.y.-1 ) at Site 909. The homogeneity of the sedimentation rates may, in part, be a result of to the lack of age control. The upper interval of this stage is placed at a sedimentation rate change and below the boundary of a high-carbonate layer interval.
The high but decreasing sand percentages during Stage 1, especially between the base of the section to about 14 m.y., are an excellent example of a fining-upwards sedimentary sequence. Slump structures are common at the base, and laminated intervals are inter-bedded with nonlaminated beds. Carbonate content is also low, and high-carbonate layers are rare. TOC averages about 0.8% and has low-amplitude fluctuations, but it increases at the base. Because this interval is absent at Site 908, it is likely that sediments deposited on the surrounding plateaus and slopes were transported through mass wasting to the deeper Fram Strait basin. Therefore, the dominant control at the base of the section is attributed to sediment instability probably generated through tectonic events, most likely associated with crustal movement in Fram Strait. Upwards, interbedded laminated and bioturbated intervals indicate possible intermittent flow and ponding throughout this region. As the tectonic influence decreased, the importance of climatic and oceanographic factors increased. Size variations do not show any upward or downward trend above 14 m.y., and they may indicate changes in flow strength or possibly the initiation of ice rafting caused by minor glaciation.
Stage accumulation rates, followed by abrupt drops. These changes are used to separate this stage into three substages. Stage II also includes the greatest variation in bulk sediment and carbonate accumulation rates, which vary between 5990 and 25800 gcπrtn.y.~1 and 0 and 11315 gcπr 2 m.y.~', respectively. The coarse fraction accumulation rates vary between 44 and 4700 gcπrtn.y.~1 or 1% and 41%, in the 0.8-1.4 m.y. intervals previously described, and are bracketed by intervals of high-carbonate accumulation rate spikes. All three lines of evidence suggest major paleoclimatic and paleoceanographic changes. These include changes in both the volume of sediment and the provenance. Changes in provenance are suggested by variations in the carbonate percent, and are further supported by the changes in sand composition (see Wolf-Welling et al., this volume) . In addition to the sedimentological changes observed here, there is evidence gathered elsewhere in the North Atlantic for ice sheet build-up during this time. Schaeffer and Spiegler (1986) report icerafting events at 10.2 and 8.0 m.y. at Site 408, and Wolf and Thiede (1991) document ice rafting starting at 9.5 m.y. at Site 646. Stage II also spans the time of the first dropstones recovered on the East Greenland Margin (7 m.y.; Larsen, Saunders, Clift, et al., 1994) and just before the oldest dropstone recovered off of Iceland (6 m.y.; Myhre, Thiede, Firth, et al., 1995) .
Unfortunately, there is some ambiguity in the interpretation of these results. The primary signal should be variations in sediment supply through weathering changes on land and through ice rafting. Increased ice rafting should produce an increase in the coarse fraction and indicate glacial conditions, and the coarse fraction is usually considered to be a proxy for ice rafting.
In other areas (e.g., Kaneps, 1979) , however, increased coarse fraction is attributed to increasing current velocity as finer sediments are winnowed away. Here, that could indicate the strength of deepwater flow through Fram Strait. However, the coarse fraction may also be due to increases in ice-rafted sediment. It is difficult to distinguish bottom current activity and ice rafting in this area.
In other areas, increases in bulk accumulation are considered to be indicative of glacial transport, especially when accompanied by high sand accumulation (e.g., Henrich et al., 1989 ). Separating the current velocity signal from the ice-rafting signal is not easily done, although McCave et al. (1995) , have shown that it is possible with painstaking composition and size analyses of different size fractions. Another possibility for distinguishing bottom current flow from ice-rafted sediment is to compare the same age sediments from shallow-and deep-water sites, and assume that if both size and composition are the same, then ice/glaciation dominates. If they differ, it is likely to be caused by the increased importance of bottom currents.
In the upper part of Stage II (6.2-5.7 m.y.), sediments were recovered from both sites. The interval of 6.2-6.0 m.y. (Site 909) shows a high accumulation rate, with relatively low sand and carbonate accumulation rates. In contrast, although the bulk accumulation rate is low at Site 908, the coarse fraction and carbonate accumulation rates and wt% are relatively high. Unfortunately, without more of the older record, it is difficult to discern which is ice rafting and which is current. There may be intermediate depth currents (Site 908) reworking the glacially influenced deposition.
It is also interesting to speculate about other climatic and oceanographic events beyond the Arctic region during the late part of stage II. For example, it is estimated that the first drawdown of the Mediterranean took place between 7.1 and 7.3 m.y. (El-Hawat, 1995) , suggesting a lowered sea level and increased mid-latitude aridity, an aridity that might in part be caused by Arctic glaciation. On the Haq et al. (1987) cycle chart, one of the six major Cenozoic second-order supercycle boundaries occurred within this time interval near the middle/late Miocene boundary. The sea level lowering at the supercycle boundary supports ice build-up during this time.
Stage III ranges from upper Miocene to middle Pliocene (Site 909: 368-200 mbsf, Site 908, 167-105 mbsf; 5.7-2.8 m.y.) and represents the first opportunity to examine sedimentological differences with depth. Dropstones first occur in this interval. At Site 909, an isolated dropstone occurs at 314 mbsf (4.6 m.y.), and they become common above 233 mbsf (3.4 m.y.). At Site 908, dropstones begin at 139 mbsf (4.5 m.y.). Accumulation rates are highly variable at Site 909 and are relatively constant at Site 908. Coarse fraction accumulation rates are low at both sites. However, coarse fraction percentage is always below 20% at Site 909; whereas, at the shallower site (Site 908), coarse fraction percentage fluctuates between a few percent and 60%, and >40% occurs near 6.25, 4.25, and 3.55 m.y. In addition, at Site 908 before and after 4.2 m.y. there is a minor change in lithology that is not seen at Site 909. At Site 908, between 4.2 and 2.8 m.y., there is a slight increase in sand accumulation, and the overall low carbonate values are slightly higher.
The time represented by this interval is also one of major paleoclimatic and paleoceanographic change. The isthmus of Panama closed in the early to middle Pliocene (Wolf and Thiede, 1991) , and at 4.2 m.y. there is an isotopic divergence between planktonic foraminifers in the Caribbean and Panamanian basins (Raymo et al., 1992) . This interval at Fram Strait, with its reduced bulk and coarse accumulation rates, may suggest a decrease in glaciation associated with the warming trend.
Stage IV represents the middle Pliocene to the present (<2.8 m.y., Site 909: 200-0 mbsf: Site 908:105-0 mbsf). It contains high-amplitude variations in coarse fraction and %TOC but overall moderate bulk accumulation rates. These variations are attributable to the glacial-interglacial fluctuations occurring at this time. Some of the chemical data suggests that there are differences in the source areas for the two sites. At Site 909 here is a change in the wt% of K 2 O in the sediment from average values of 2.7-2.8 below about 220 mbsf (3.17 m.y.) to average values of 3.3 to 3.4 above 180 mbsf (2.6 m.y.). At Site 908, there is a steady increase in the wt% of K 2 O beginning at 175 mbsf (5.8 m.y.; Myhre, Thiede, Firth, et al., 1995) .
Bulk accumulation rates are higher at Site 909 in the early part of Stage I, between 2.8 and 1.0 m.y., an interval that includes very low accumulation rates (570-800 gcm" 2 m.y."' between 2.0 and 1.1 m.y.) at Site 908. There are no sedimentary clues to help to determine whether the decrease in bulk accumulation rate at Site 908 is caused by erosion or nondeposition. For example, at Site 909 there is no indication of slumped sediment or of a change in accumulation rate, to suggest mass wasting of Site 908 sediment to Site 909.
During the uppermost 1 m.y., both sites show an overall decrease in bulk accumulation, with roughly equivalent rates. However, the coarse fraction accumulation rates are higher and more variable at Site 908 than at Site 909. At Site 909, there is also an overall decrease in the variability of CaCO 3 accumulation, attributed to the lack of carbonate-rich layers. This is especially true for the last 1 m.y. At Site 908, CaCO 3 accumulation rates are an order of magnitude lower, and, except for two CaCO 3 -rich layers at the very top, also show little variation in CaCO 3 accumulation rates.
In summary, the four stages discussed here represent major paleoceanographic and paleoclimate changes in the Northern Hemisphere. Each of these intervals needs to be studied in more detail at both higher temporal and spatial resolutions. 
